Chemokines and their receptors are essential for the development and organization of the hematopoietic/lymphopoietic system and have now been shown to be expressed by different types of cells in the nervous system. In mouse embryos, we observed expression of the chemokine (CXC motif) receptor 4 (CXCR4) by neural crest cells migrating from the dorsal neural tube and in the dorsal root ganglia (DRGs). Stromal cell-derived factor-1 (SDF-1), the unique agonist for CXCR4, was expressed along the path taken by crest cells to the DRGs, suggesting that SDF-1/CXCR4 signaling is needed for their migration. CXCR4 null mice exhibited small and malformed DRGs. Delayed migration to the DRGs was suggested by ectopic cells expressing tyrosine receptor kinase A (TrkA) and TrkC, neurotrophin receptors required by DRG sensory neuron development. In vitro, the CXCR4 chemokine receptor was upregulated by migratory progenitor cells just as they exited mouse neural tube explants, and SDF-1 acted as a chemoattractant for these cells. Most CXCR4-expressing progenitors differentiated to form sensory neurons with the properties of polymodal nociceptors. Furthermore, DRGs contained a population of progenitor cells that expressed CXCR4 receptors in vitro and differentiated into neurons with a similar phenotype. Our findings indicate an important role for SDF-1/CXCR4 signaling in directing the migration of sensory neuron progenitors to the DRG and potentially in other aspects of development once the DRGs have coalesced.
Introduction
The neural crest (NC) is a population of cells that exists transiently in vertebrates and gives rise to a very large number of derivatives including neurons, glia, melanocytes, cartilage, muscle, bone, and connective tissue (Le Dourain and Kalcheim, 1999) . Neural crest cells are induced early in embryogenesis at the dorsolateral edge of the neural plate, after which they delaminate and migrate along stereotyped routes to a large number of destinations in the developing embryo. Exactly how the diverse fates of these cells are determined and how their specific migration is directed are key questions, the answers to which are only partially known (Anderson, 2000) .
One interesting and as yet unsolved problem concerns the development of the autonomic and sensory branches of the peripheral nervous system. The paths taken by progenitors migrating to the autonomic or dorsal root ganglion (DRG) overlap in many respects; sympathetic progenitors must migrate through a region in which sensory neurons subsequently develop, and yet it is clear that subpopulations of progenitors are selectively directed to these different destinations (Anderson, 2000) . The factors responsible for directing the migration of these different populations of cells are unknown. One set of candidate molecules that we have now considered in this regard are the chemokines and their receptors. The chemokines are small secreted proteins that exert their effects by activating a family of G-protein-coupled receptors and that have been shown to play several fundamental roles in the control of leukocyte development and migration (Tran and Miller, 2003) . Recently, however, it has become clear that chemokines also play an important part in the development of the CNS (Tran and Miller, 2003) . In particular, several studies have determined that the chemokine stromal cell-derived factor-1 (SDF-1) and its unique receptor chemokine (CXC motif) receptor 4 (CXCR4) are important in this regard. For example, mice that lack either the CXCR4 receptor or SDF-1 show abnormal development of both the internal granule layer of the cerebellum (Zou et al., 1998) and the dentate gyrus of the hippocampus (Bagri et al., 2002; Lu et al., 2002) . In both these cases, it appears that SDF-1 acts as important chemoattractant for granule cell progenitors, as well as increasing the proliferation of these cells (Bagri et al., 2002; Lu et al., 2002) . Indeed, it is now clear that neural progenitors from the ventricular and subventricular zones of embryonic and adult mice express many types of chemokine receptors, including CXCR4 (Tran et al., 2004) . In the peripheral nervous system, both McGrath et al. (1999) and Jazin et al. (1997) observed that CXCR4 was expressed in the developing DRGs.
However, the expression of such receptors by migratory NC cells and their role in the development of postmigratory NC derivatives has not been determined. In the present series of experiments, we demonstrate that CXCR4 is expressed by migrating trunk NC cells and that SDF-1 acts as a chemoattractant for these cells. Disruption of SDF-1/CXCR4 signaling produces malformation of the DRGs, thereby establishing an important role for chemokine signaling in the development of these ganglia.
Materials and Methods
Dissection and cultures of mouse neural tube explants. Neural tubes were isolated from the trunk level of embryonic day 9.5 (E9.5)-E10.5 CD1 mice as described by Stemple and Anderson (1992) . Briefly, trunk neural tubes were dissected in HBSS, treated with collagenase/dispase four times for 5 min at 0°C, and vigorously triturated until most of the neural tubes were clean and free of somites. The neural tube fragments were treated again with collagenase/dispase for 5 min at 37°C. They were washed in the culture media for 5 min at 0°C, then plated onto fibronectin (FN)-coated glass coverslips and incubated in high-glucose DMEM supplemented with 10% fetal bovine serum. The cultures were maintained for 24 -48 h at 37°C with 5% CO 2 . To promote proliferation, 24 -48 h migrating cells from neural tube explants were incubated in chemically defined medium (Stemple and Anderson, 1992) supplemented with basic fibroblast growth factor (bFGF; 20 ng/ml; R&D Systems, Minneapolis, MN), the recombinant human insulin growth factor (IGF; 20 ng/ml; R&D Systems), and chick embryo extract (CEE; 15%).
To induce differentiation, the cultures were switched to medium supplemented with bFGF (10 ng/ml), nerve growth factor (NGF; 100 ng/ml; Sigma, St. Louis, MO), the recombinant mouse leukemia inhibitory factor (LIF; 100 ng/ml; R&D Systems), and 1% CEE for another 7-10 d before Ca imaging or immunohistochemical analysis.
Generation of dorsal root ganglia dividing precursors and neurospheres. Dorsal root ganglia were dissected from E14.5 mouse embryos. The cells were dissociated by trypsinization for 5 min, triturated, and plated on poly-D-lysine/FN-coated coverslips in chemically defined media (Stemple and Anderson, 1992) . After 3-4 d in cultures, a very small fraction of undifferentiated precursors proliferated and adhered to each other to form spherical clusters. These clusters lifted off the substrate and propagated in suspension as neurospheres with 20 ng/ml bFGF, 20 ng/ml IGF, and 15% CEE. After 7 d, the cultures were processed for Ca imaging or were subjected for differentiation, immunohistochemistry, in situ hybridization, or chemotaxis.
To promote differentiation of DRG dividing precursors (DRGDs), the cultures were switched to similar medium with 1% CEE and 10 ng/ml bFGF supplemented with NGF and LIF for another 7-10 d before Ca imaging or immunohistochemical analysis.
Ca imaging. The intracellular free calcium concentration was measured using digital video microfluorimetry as described previously by Meucci et al. (1998) . Briefly, migrating neural crest cells (MNCs), DRGDs, or DRG neurospheres were plated on FN-coated glass coverslips, rinsed briefly with HEPES buffer [containing the following (in mM): 120 NaCl, 5.4 KCl, 1.6 MgCl 2 , 1.8 CaCl 2 , 11 glucose, and 25 HEPES, pH 7.4 at 37°C], and loaded with 2 M fura-2 AM (Molecular Probes, Eugene, OR) in HEPES buffer for 30 min at room temperature. Cultures were then rinsed and kept in the dark in HEPES at room temperature for an additional 30 min to allow for complete dye deesterification. Glass coverslips were then mounted on the stage of a Nikon (Tokyo, Japan) Diaphot inverted epifluorescence microscope equipped for digital fluorescence microscopy. Fluorescence was digitally monitored at 520 nm after excitation at 340 nm (bound Ca 2ϩ ) and 380 nm (free Ca 2ϩ ) (20ϫ water immersion lens). Ratios of F 340 /F 380 were collected before and during treatment with chemokines (e.g., SDF-1, 10 -20 nM) and other agents [bradykinin (100 M), capsaicin (2 M), icilin (2 M)] using MetaFluor software from Universal Imaging Corporation (West Chester, PA).
Reverse transcription-PCR. Total RNA was prepared from freshly dissociated neural tube (NT) migrating cells or DRG neurospheres using Trizol reagent (Invitrogen, San Diego, CA). Reverse transcription (RT) was performed using the SuperScript first-strand synthesis system to form cDNA that was primed with 50 ng of oligo (dT) oligonucleotide [PCR primers for chemokine were as described by Tran et al. (2004) ]. After heating at 96°C for 5 min, PCR amplification was performed for 35 cycles as follows: 96°C for 30 s, 56°C for 1 min, and 72°C for 1 min, and PCR was performed using Taq polymerase (Invitrogen). Products were analyzed using a 1.2% agarose gel and sequenced automatically (Applied Biosystems, Foster City, CA).
For immunolabeling of the sensory neurons, mouse embryos at E12.5 to E14.5 were collected and genotyped by PCR by using primers derived from the second exon of the CXCR4 gene: forward primer, 5Ј-CTG GTG CTT TAC GGT ATC GC-3Ј; reverse primer, 5Ј-CCT AGA CGC TCA TTC ACA TG-3Ј.
CXCR4 knock-out (KO) embryos and wild-type (wt) littermates were fixed in 4% paraformaldehyde in 0.1 M phosphate buffer at least overnight, subsequently were cryoprotected in 30% sucrose, and then were processed for the expression of tyrosine receptor kinase A (TrkA) and TrkC by in situ hybridization as described by Ma et al. (1999) .
In situ hybridization. Cultures were fixed in 4% paraformaldehyde for 1 h and washed in PBS. Probes for CXCR4 and SDF-1/CXCL12 were generated as described by Lu et al. (2002) . The probe for SOX10 was a (Kuhlbrodt et al., 1998; De Bellard et al., 2002) . In situ hybridization was conducted for 20 h at 70°C using digoxigenin (DIG)-labeled riboprobes complementary to the coding region of CXCR4 or SDF-1 [50% formamide, 5ϫ SSC, 0.1% Tween 20, 500 g/ml tRNA, 200 g/ml acetylated bovine serum albumin (BSA), and 50 g/ml heparin]. Cells were washed four times with 50% formamide, 2ϫ SSC, and 0.1% Tween at 70°C for 20 min and then washed three times using Tris-buffered saline and Tween 20 (TBST; 25 mM TrisHCl, pH 7.5, 136 mM NaCl, 2.68 mM KCl, and 1% Tween 20). Finally, cells were incubated with 10% lamb serum in TBST buffer for 1 h and then treated with anti-DIG antibody followed by antibody detection according to the manufacturer's protocol (Roche Products, Welwyn Garden City, UK). Whole-mount in situ hybridization of mouse embryos was performed as described previously by Wilkinson (1992) , Grove et al. (1998) , and Agarwala et al. (2001) . Basically, mouse embryo were fixed in 4% paraformaldehyde (PFA), bleached in H 2 O 2 /methanol (MeOH), rehydrated through methanol/TBST (75% MeOH, 50% MeOH, 25% MeOH, TBST), and blocked by using a prehybridization solution [50% formamide, 5ϫ SSC, 5ϫ Denhardt's, 50 g/ml bakers yeast RNA (Sigma), 100 g/ml heparin]. This procedure was followed by hybridization of the denatured DIG-labeled RNA probes to cRNA molecules at 65°C overnight. Embryos were then washed to remove unhybridized probes and blocked with 10% heat-inactivated sheep serum for 2-3 h at room temperature. Immunological detection of DIG-labeled hybrids was achieved by using an anti-DIG antibody conjugated with alkaline phosphatase (anti-digoxigenin-Ap Fab fragments; Roche Products). This strategy catalyzed a color reaction requiring 4-nitro blue tetrazolium chloride and 5-bromo-4-chloro-3-indolyl phosphate (Roche Products) as substrates, with labeled probes appearing as a dark blue color.
Fluorescent in situ hybridization was performed as by Agarwala et al. (2001) and by R. Parniak and C. Ragsdale (unpublished observations).
Immunohistochemistry. Fluorescence immunohistochemistry was performed as described by Tran and Miller (2003) and Tran et al. (2004) . For NT migrating cells, DRG dividing cells, or differentiated cell cultures, the cells were fixed with 4% paraformaldehyde/2% sucrose in PBS for 15 min. After three washes in PBS, the cells were blocked in 4% BSA and 0.1% Triton X-100 for 1 h. The cultures were immunolabeled separately with the following antibodies: goat anti-CXCR4 (1:300; Novus Biological, Littleton, CO), mouse anti-nestin (1:300; BD Biosciences, San Jose, CA), anti-p75 (1:250), goat anti-Brn3a (1:500; Dr. E. Turner, Department of Psychiatry, University of California, San Diego, CA), or goat anti-phox2b (1:500; gift from C. Goridis, Centre National de la Recherche Scientifique UMR8542, Paris, France) antibody in 4% BSA and 0.1% Tween 20 overnight at 4°C, followed by three washes in blocking solution. They then were incubated with the appropriate secondary goat anti-rabbit or anti-mouse antibodies conjugated with FITC (Alexa Fluor 488; A 11001; Molecular Probes) or Alexa Fluor 633 (1:500) (T 6391; Molecular Probes) for 1 h at room temperature at 1:200 and 1:500. Finally, the cells were treated with mounting solution, Prolong Antifade kit (Molecular Probes), on a microscope slide and examined by fluorescence microscopy.
Dunn chamber and chemotaxis. To assess the chemotaxis of SDF-1 (10 -20 nM), we used neural tube migrating cells with Dunn chambers from Hawksley Technology (West Sussex, UK). The Dunn Chambers contain one inner ring and one outer ring separated each other by a 2 m gap air space that allow for the generation of a stable chemotactic gradient and the observation of cell migration in the context of the gradient (Zicha et al., 1997) . After 48 h of cultures on FN-coated coverslips, migrating neural crest were dissociated and then placed into the inner well of the Dunn chamber. A fibronectin-treated coverslip was then placed on the Dunn chamber. Using a small needle, media alone or media (70 l) containing SDF-1 was dispersed into the outer well, making sure that no bubbles were formed. The coverslip was sealed in place using vacuum grease. The dunn chambers were then inverted (FN-coated coverslips upside down) and placed in an incubator set at 37°C for 30 min to allow cells to adhere to the FN-coated coverslips. Subsequently, chambers were removed from the incubator and placed in an upright microscope, whereupon cell counts were made for eight nonoverlapping fields in the inner and outer wells using 20ϫ objective.
Quantification of neural crest migration. To elucidate the possible role of SDF-1/CXCR4 signaling in MNC migration, an MNC outgrowth culture system was used to examine migration of neural crest cells derived from CXCR4 KO embryos and from nontransgenic outgrowth cultures treated with SDF-1 blocking antibody or AMD3100 (AIDS Reagent Program, National Institutes of Health, Bethesda, MD), a CXCR4 antagonist. Digital images of the outgrowth cultures at 24 -48 h were acquired by confocal microscopy, and MetaMorph software (Universal Imaging Corporation) was used to measure the area of the outgrowth. This was obtained by taking the area of the entire explant and subtracting from it the area of the dense central neural tube mass. This resulted in a number referred to as the migration index and provides an estimate of the migration rate of the neural crest cells.
Statistical analysis. Results from at least three experiments were analyzed by ANOVA with Bonferroni post hoc tests. p values Ͻ0.05 were considered significant. 
Results

DRG formation in the absence of CXCR4 receptors
To investigate the involvement of SDF-1/CXCR4 signaling in the formation of DRGs, we examined the expression of SDF-1 and CXCR4 mRNA in the developing spinal cord and DRGs. From at least as early as E9.5 ( Fig. 1 P1,A) , expression of SDF-1 is widespread in tissue surrounding the ventral spinal cord, including tissue lining the path of cell migration to the growing DRGs ( Fig.  1 P1,A , asterisk marks the approximate position of crest cell exit from the neural tube). Prominent CXCR4 expression appears in a group of cells that, by their position, are likely to be crest cells emerging from the neural tube ( Fig. 1 P1,B , white arrowheads point to the site of migrating crest cells). Using fluorescence in situ hybridization for SOX10, a neural crest cell marker (Southard-Smith et al., 1998), we confirmed that migrating neural crest cells also expressed CXCR4 (Fig. 1 P2,A-F ) .
To test whether SDF-1/CXCR4 signaling regulates DRG development, we examined DRG formation in embryos lacking functional CXCR4 receptors (Zou et al., 1998) . The migration and consolidation of neural crest cells into DRGs were assessed by expression of TrkA and TrkC in CXCR4 homozygote mutants and wild-type or heterozygote littermates. Neurotrophin receptors are expressed by different subtypes of DRG sensory neurons and their precursors; more specifically, TrkA, the NGF receptor, is implicated in development of mechanoreceptors (stretchsensing), thermoreceptors, and nociceptors (pain-sensing) (Kirstein et al., 2002) , whereas TrkC, the neurotrophin-3 receptor, appears associated with development of proprioceptors (limb position-sensing) (Kirstein et al., 2002) . At E12.5, sensory neurons labeled with TrkA ( Fig. 2 A-CЈ, D, E) riboprobe showed that DRGs are evenly spaced and compact in control embryos (Fig. 2 A, AЈ) but disorganized in CXCR4 mutants (Fig.  2 B, BЈ,C,CЈ) . Individual DRGs were irregularly shaped, broken up, or small (Fig. 2 , compare AЈ to BЈ,CЈ), and dorsal to the DRGs, ectopic satellites of TrkA-expressing cells were evident (Fig. 2 , white arrowheads indicate ectopic cells in E, compare with D), presumably representing cells that had slowed or stalled in their migration. Similarly, DRGs marked by expression of TrkC are regularly shaped in control mice (Fig. 2 F) but split or malformed in CXCR4 mutant mice (Fig. 2G) .
The spatial relationship of SDF-1 and CXCR4 expression was further examined using two-color in situ hybridization (Fig.  1 P3,A-C) . SDF-1 expression at E14.5 lined the developing DRGs. The DRGs themselves expressed CXCR4, as did a stream of cells leading from the dorsal neural tube to the DRGs (Fig. 1 P3, white arrowheads in C indicate this cell stream with immediately adjacent expression of SDF-1), suggesting a role of SDF-1/CXCR4 signaling in neural crest cell migration and DRG formation.
Expression of CXCR4 by MNCs in vitro
To determine the role of SDF-1/CXCR4 signaling in neural crest development in more detail, we examined the behavior of MNCs exiting neural tube explants. We found that E9.5 mouse trunk neural tube explants, cultured for 24 h on FN-coated coverslips, gave rise to MNCs (Fig. 3A) with two basic morphologies (De Bellard et al., 2003) . Using immunohistochemistry, MNCs were shown to express p75 (Fig. 3C) , a marker associated with the embryonic neural crest (Rao and Anderson, 1997) , as well as the neuroepithelial stem cell marker nestin (Fig. 3D) , indicating that they consisted of undifferentiated neural crest-derived cells. In some experiments, the neural tube was removed, and cells were trypsinized and replated on FN-coated coverslips. These cells proliferated, adhered to each other, and formed spherical clusters after 3-4 d in culture. After 7 d, the clusters lifted off the substrate, floated in suspension, and could be propagated as a nonadherent neurospheres (Fig. 3B ) resembling those obtained using embryonic or adult cells from the CNS (Tran et al., 2004) . These cells stained for the same markers and responded the same way as MNCs (data not shown).
Immunohistochemistry revealed that the CXCR4 receptor was not generally expressed by cells in the neural tube. In contrast, cells at the edge of the neural tube that were preparing to delaminate and cells that were actively migrating away from the neural tube strongly expressed the receptor (Fig. 3 E, F ) . Virtually all migrating cells stained positively for CXCR4 (Fig. 3F ). MNCs generally stained for the transcription factor Brn3a (Fig. 3G) , whereas only a small number of cells expressed the transcription factor Phox2b (Fig. 3H ) , suggesting that under these culture conditions (20 ng/ml FGF2, 20 ng/ml IGF, and 15% CEE), most of the cells were of the sensory lineage (Fedtsova and Turner, 1995) .
To demonstrate that the CXCR4 receptors were functional, we performed calcium (Ca 2ϩ ) imaging studies on single MNCs (Fig. 4) . We observed that cells responded robustly to the addition of SDF-1 (2340 of 3465; 68%), although they did not respond to a number of other chemokines including TECK (thymus expressed chemokine), CTACK (cutaneous T cell-attracting chemokine), monocyte chemotactic protein 1 (MCP-1), MCP-2, RANTES (Regulated upon Activation, Normal T cell Expressed and Secreted), Fractalkine, macrophage inflammatory protein 1, IP-10 (interferon-␥-inducible 10 kDa protein), or macrophagederived chemokine. Cells also did not respond to a number of stimuli that would be expected to produce Ca 2ϩ signals in sensory neurons. For example, no response was observed to 50 mM K depolarization, indicating a general absence of voltage-dependent Ca 2ϩ channels, or to capsaicin or icilin (Fig. 4) , indicating a lack of the transient receptor potential vanilloid receptor subtype 1 or transient receptor potential melastatin 8 channels, which are normally expressed by populations of polymodal nociceptors (Jordt et al., 2003) . However, even at this stage, we did observe that many cells responded to bradykinin, which is typical of sensory and autonomic neurons (Fig. 4 and data not shown). All cells responded robustly to ATP, which was used as a positive control at the end of each experiment.
We directly addressed the possibility that SDF-1 might act as a chemoattactant migratory cue for MNCs using a microchemotaxis assay. This assay allowed us to assess the migration of cells in response to a gradient of a chemoattractant (Zicha et al., 1997) . We found that MNCs migrated toward a source of SDF-1. The effects of SDF-1 were inhibited by the selective CXCR4 antagonist AMD3100, indicating that they were mediated by the CXCR4 receptor (Fig. 5a) . We also used an MNC outgrowth culture system to examine migration of neural crest cells derived from wt and CXCR4 KO embryos. These explants were cultured for a period of 24 -48 h. After 24 h, a ring of MNCs was observed around the neural tube explant, and this had expanded in size after 48 h (Fig. 5b,c) . We used an anti-SDF-1 blocking antibody or AMD3100 to block SDF-1/CXCR4 function in wt outgrowth cultures. Treatment with either reagent resulted in a decrease in the extent of cell migration measured over 48 h (Table 1) . In addition, when we cultured explants from CXCR4 KO mice, they also exhibited a reduction in the extent of MNC migration (Table 2 ). These data suggest that there is a cellular source of SDF-1 in the cultures, which we confirmed using in situ hybridization for SDF-1 (Fig. 5d) .
When MNCs were incubated in media containing NGF (100 ng/ml) and LIF (100 ng/ml) for 7-10 d, many cells assumed a neuronal morphology (Fig. 6a) . We observed that differentiated cells still uniformly expressed CXCR4 receptors (Fig. 6b) . The majority of the cells also exhibited Brn3a immunoreactivity (Fig.  6c) , although a few cells expressed Phox2b (Fig. 6d) . Cells exhibited Ca 2ϩ responses to SDF-1␣ (280 of 540; 54%), bradykinin (520 of 540; 96%), and ATP (Fig. 6e) . However, whereas MNCs did not respond to depolarizing concentrations of K (Fig. 4a) , differentiated cells exhibited a robust Ca 2ϩ response to 50 mM K (Fig. 6e) . Furthermore, whereas MNCs did not respond to cap- saicin (Fig. 4) , populations of differentiated cells exhibited strong responses to capsaicin (380 of 540; 71%) (Fig. 6e) . This profile suggests that MNCs had differentiated into neurons with properties similar to those of small polymodal nociceptors (Fedtsova and Turner, 1995) . These data support previous studies of neural crest development, in which NGF and LIF regulate generation of nociceptive neurons by MNCs (Murphy et al., 1994; Corness et al., 1998) .
Expression of CXCR4 by cells from embryonic DRG
It is known that after formation of the DRGs, these ganglia contain a population of dividing cells that continues to contribute to their maturation (Namaka et al., 2001; An et al., 2002) . We therefore attempted to culture such a population from the DRGs of E14 mice, a time at which ganglion formation is nearly complete. We found that mouse E14.5 DRGs contained a population of dividing cells that could proliferate as nonadherent neurospheres when cultured in defined media supplemented with FGF plus IGF (Fig. 7a) . These neurospheres had an appearance similar to those prepared using neural cells from the CNS (Tran et al., 2004) or the peripheral enteric nervous system (Schafer et al., 2003) .
Characterization using immunohistochemistry indicated that DRGDs stained positively for CXCR4 receptors (Fig. 7d) . DRGDs also expressed p75 (Fig. 7b) , nestin (Fig. 7c) , and Brn3a (Fig. 7e) , but no cells expressed Phox2b (Fig. 7f ) . Thus, DRGDs (appropriately) seemed to follow only the sensory lineage.
Interestingly, and in contrast to the results with migrating MNCs, DRGDs responded to many different chemokines (Fig. 8 B) in addition to SDF-1. This is characteristic of differentiated polymodal nociceptors that are also sensitive to multiple chemokines (Oh et al., 2001) . A survey of chemokine receptors using RT-PCR confirmed the expression of most of the known chemokine receptors by these cells (Fig. 8 A) . Of the known chemokine receptors, only chemokine (CC motif) receptor 4 (CCR4), CCR6, CXCR1, and CXCR5 appeared to be absent. As was the case for MNCs, DRGDs did not respond to capsaicin, icilin (data not shown), or 50 mM K ϩ (Fig. 8 B) . This pattern of responsiveness suggest that DRGDs have not differentiated to a sensory neuron phenotype.
We wondered whether DRGDs could also give rise to nociceptive neurons. When cultured in defined media with NGF plus LIF, DRGDs stopped dividing, and many cells assumed a neuronal morphology (Fig.  9a) . Differentiated cells were sensitive to SDF-1␣ and to other chemokines (Fig. 9c1-c4 ), but unlike dividing DRGDs, they also responded to 50 mM K and capsaicin (Fig.  9c1,c4 ). Differentiated neurons stained for CXCR4 receptors (Fig. 9b1,b2 ) and were also positive for the transcription factor Brn3a (Fig. 9b3,b4 ), but no cells derived from DRG were positive for Phox2b (Fig. 9b5) (Greenwood et al., 1999) . Thus, under these culture conditions, DRGDs differentiate into populations of neurons with properties similar to nociceptors, consistent with previously published findings (Murphy et al., 1994; Corness et al., 1998) .
It is interesting to note that differentiation of DRG cells also yielded a small number of cells with non-neuronal morphologies (Fig. 9b2,b4 ). These cells were large and flat and also expressed CXCR4 chemokine receptors. We have not pursued the identity of these cells further, but they are likely to be glia or other types of satellite cells known to occur in the DRG (Heblich et al., 2001) .
Discussion
Previous studies have demonstrated that SDF-1/CXCR4 signaling is important in regulating the migration and proliferation of neural cells that form the dentate gyrus and internal granule layer of the cerebellum (Zou et al., 1998; Bagri et al., 2002) . However, CXCR4 and SDF-1 are expressed in several other areas of the developing nervous system, including the developing DRGs (Jazin et al., 1997; McGrath et al., 1999; Chalasani et al., 2003) . Indeed, it has been shown that SDF-1 is involved in regulating path finding by the TrkA-positive axons of developing sensory neurons (Chalasani et al., 2003) . Because axon guidance cues Figure 9 . Characteristics of differentiated DRG neurospheres. a, Differentiated DRG neurosphere cells after culture with NGF and LIF (100 ng/ml) for 7-10 d. Immunostaining of differentiated DRG cells for CXCR4 (b1, b2), Brn3a (b3, b4 ), and Phox2b (b5). DRG cells gave rise to both neuronal cells (b1, b3) and flat cells (b2, b4 ) that were positive for CXCR4 and Brn3a. b5 indicates lack of staining for Phox2b. Changes in [Ca 2ϩ ] i in response to 50 mM K (50K), chemokines, and other agonists in differentiated DRG cells (c1-c4 ). A total of 130 cells of 420 (31%) showed [Ca 2ϩ ] i increase when stimulated by SDF-1␣, 110 of 160 (69%) by bradykinin (Brady.), and 260 of 400 (65%) by capsaicin (Caps.).
frequently also guide cell migration, these observations further stimulated us to examine a possible role for SDF-1/CXCR4 in the migration of neural crest cells destined for the DRGs.
The experiments reported here support such a role. SDF-1 and CXCR4 are expressed in close juxtaposition in and around the developing DRGs, SDF-1 produces chemoattractant effects on neural crest cells in culture, and disruption of the gene coding for CXCR4 results in a predictable phenotype characterized by delayed migration of TrkA-and TrkC-expressing neurons to the DRG. A defect in condensation of the DRG may also be present.
Previous findings suggest that DRG neurons coexpress more than one neurotrophin receptor at early stages of development (such as E11 in mouse) (Snider and Wright, 1996) . Subsequently, TrkA is needed, in particular, for the development of complete populations of nociceptive DRG neurons, and TrkC is needed for proprioceptive neurons (Kirstein and Farinas, 2002) . Our findings in CXCR4 null mice therefore suggest that several types of sensory neuron and their precursors are affected in the absence of SDF-1/CXCR4 signaling. Indeed, it is known that several waves of migration are important for DRG development (Ma et al., 1999; Maro et al., 2004) .
In NC cultures, we show, more specifically, that small polymodal nociceptors and/or their precursors are among the SDF-1-responsive cell population. NC cells migrating away from the E9.5-E10.5 mouse neural tube express functional CXCR4 receptors, and the chemokine SDF-1 acts as a chemoattractant for these cells. Second, the same cells can be shown to differentiate in culture into a population of neurons that express markers that are selectively expressed by small polymodal nociceptors, including the hot and cold receptors for capsaicin and icilin, respectively (Jordt et al., 2003) .
It is known that the size of the DRGs continues to increase after their initial formation, even continuing postnatally to some extent (Namaka et al., 2001; An et al., 2002; Le Dourain et al., 2004) . We identified a population of dividing cells from embryonic DRGS and observed that, as with trunk MNCs, they could differentiate into a population of neurons with properties similar to those of polymodal nociceptors. Both DRGDs and their resulting neuronal progeny were sensitive to SDF-1. However, unlike MNCs, which were only sensitive to SDF-1, DRGDs and their daughter neurons were sensitive in vitro to a large variety of chemokines and expressed numerous types of chemokine receptor. Mature DRG nociceptors in vivo express a similarly wide range of chemokine receptors, which have been shown to participate in the perception of pain, particularly in the context of inflammation (Oh et al., 2001 ). These observations indicate that several aspects of in vivo development were strikingly conserved in our in vitro experiments. Moreover, our findings suggest that chemokine signaling plays additional roles in DRG development after migration is complete.
Although the loss of SDF-1/CXCR4 signaling disrupts DRG development, the DRG clearly form, suggesting that SDF-1 signaling is coordinated with the activity of other guidance molecules. In the early stages of trunk NC cell migration, extracellular matrix components (Krull, 2001 ) and transmembrane receptor/ ligands of the ephrin family (Krull, 2001; Maschoff and Baldwin, 2001; Santiago and Erickson, 2002 ) are thought to be important for cells to delaminate from the neural tube and migrate through the rostral portion of the somatic sclerotome. However, during subsequent stages of migration, the signals that determine specific routes taken by different cell populations are generally unknown. De Bellard et al. (2002) reported that in mice deficient in the Notch ligand Delta-1 displayed severely disrupted NC cell migration resulting in partially fused and malformed DRGs containing diminished numbers of neurons. This was associated with downregulation of ephrin B2 and its receptor eph B2 by the somites and NC cells, respectively. Additional clues regarding the role of SDF-1 in neural crest migration may come from a study of axon guidance (Chalasani et al., 2003) , showing that SDF-1 contributes to the guidance of DRG sensory axons by reducing the repellent activity of semaphorins. Additionally, SDF-1 reduced the repellent effect of slit-2 on retinal ganglion cell axons (Chalasani et al., 2003) . It is therefore worth identifying repellant migratory cues along the pathway taken by neural crest cells toward the forming DRGs and determining whether SDF-1 modifies their effects. Notably, in the study cited above, SDF-1, by itself, had neither attractive nor repellent effects on retinal or DRG axons (Chalasani et al., 2003) . Our present findings therefore differ in an important respect. Results from in vitro experiments strongly suggest that SDF-1 is in itself a migratory chemoattractant for neural crest cells.
Overall, the patterns of expression of CXCR4 and SDF-1 in the developing embryo support the suggestion that CXCR4 mediated signaling is important in the development of the DRG. Indeed, CXCR4 signaling may play multiple roles in DRG development including the guidance of migration, as described here, and of sensory neuron axons, as described previously (Chalasani et al., 2003) . Clearly, interaction of CXCR4 signaling with other key regulators of neural crest development needs to be further defined (Lee et al., 2004) . It should also be noted that expression of chemokine receptors by sensory neurons continues in the mature animals, where they may play an important role in aspects of inflammatory pain (Krull, 2001) , the development of sensory neuropathies (Keswani et al., 2003; Bodner et al., 2004) , and other related phenomena.
